Introduction: Multiple airway protective mechanisms are impacted with Parkinson's disease (PD),
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Introduction
The cough motor pattern comprises a highly coordinated sequence of respiratory and laryngeal muscle contractions resulting in a high rate of expiratory airflow. The cough pattern is responsible for the shearing forces utilized to eject material from the airway. The cough neural network is activated by stimulation of various airway afferents (reflex or induced cough) or alternatively by cortically mediated voluntary neural activation [1] [2] [3] . Both reflex and voluntary cough mechanisms initiate a sequence of similar cough motor behaviors, including the inspiratory, compression, and expulsive phases ( Figure 1 ).
Cough has long been studied as an important airway defense behavior, with more recent literature drawing attention to the relationship between cough and swallowing function. A "weak" voluntary cough is associated with increased likelihood of dysphagia in multiple patient populations [4, 5] . In Parkinson's disease (PD), objective measures of reduced voluntary cough expiratory airflow parameters are strongly correlated to penetration and aspiration of bolus material during swallowing [6, 7] . These cough impairments may be attributed to bradykinesia affecting the abdominal muscles, chestwall rigidity, reduced central neural drive, and/or poor laryngeal valving, all of which are associated with PD [8, 9] .
Fewer empirical studies have investigated reflex cough function in PD. Fontana and colleagues found a reduction in peak abdominal EMG activity for both reflex and voluntary cough in PD when compared to healthy control participants [10] . These researchers observed that EMG activity rise time was slower for PD versus healthy age-matched control participants for both voluntary and reflexive cough, and that for the PD participants, the rate of EMG rise was further reduced for reflex as compared to voluntary cough. The authors hypothesized that the effects on EMG activity would correspond to increased time to reach peak airflow, and overall reduced airflow for voluntary and reflex cough in PD (it is important to note that these hypotheses were not tested in that study). Leow and colleagues also studied reflex cough in PD using citric acid as the tussigenic stimulus. These researchers focused on M A N U S C R I P T
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sensory thresholds associated with cough production in PD, and did not provide information on the expiratory airflows associated with reflex PD cough production [11] .
There is evidence that both reflex and voluntary cough airflows are impaired with neurologic injury, including traumatic brain injury (TBI) [12] and stroke [13] . To date there has been no direct comparison of airflow measures between voluntary and reflex cough in PD. The performance of a volitional cough will be restrained by the ability to comprehend the task, initiate the task, and execute the task in the requisite coordinated fashion. This sequence could prove difficult in the PD population which is known to have difficulty with the initiation and coordination of voluntary motor tasks. In contrast, reflex cough has traditionally been considered a brainstem mediated response, and it may be that the more automatic nature of the task will be less affected by sequencing and coordination deficits.
The goal of this study was to compare airflow parameters between reflex cough and voluntary cough in patients with idiopathic PD. We hypothesized that voluntary cough airflow measures, including peak airflow rate and total expired air, would be reduced, and cough compression phase duration prolonged as compared to reflex cough in PD. Further, we hypothesized that the time sequence of the cough produced (i.e., whether first or second) would influence these differences. Specifically, we hypothesized that the first cough produced would be significantly different between the two cough types, however the differences would not extend to the second cough produced. Understanding reflex and voluntary cough in PD could potentially impact prevention of aspiration pneumonia and counseling of at risk patients.
Methods:
Approval for this study was granted from the University of 
Procedures
All procedures were completed in a quiet clinic room with the participant seated upright in a chair. The facemask was held in place over the participant's nose and mouth by the experimenter or an assistant. First, 30 seconds of tidal breathing were recorded in order for participants to acclimate to the facemask. For reflex cough testing, participants were told that they would "inhale different levels, or concentrations, of a vapor that may or may not make you feel like you need to cough," with the instruction to "cough if you need to cough into the facemask." Three presentations of each capsaicin concentration (including the control solution) were administered in a randomized block design in order to control for participant anticipation of inhaling the vapor. The dosimeter was programmed to deliver each single breath inhalation upon detection of the beginning of the inspiratory phase of tidal breathing.
Participants were instructed to continue inhaling as the capsaicin vapor was delivered. Airflow was continuously recorded throughout the task, and the facemask was kept in place until at least 2 coughs were produced, or for up to 30 seconds following presentation of the capsaicin solution. Participants rested for at least 90 seconds between each capsaicin presentation, and water was available for sipping between trials.
In order to maintain consistent dead air space and facemask distance from the pneumotachograph between voluntary and reflex cough testing, the same equipment set up as in RC testing was used for voluntary cough (VC), however the nebulizer placed at the one-way valve did not contain any solution. To elicit a voluntary cough, participants were instructed to "cough as though something went down the wrong pipe". In our clinical and research experience, this set of instructions results in production of more than one voluntary cough [15] . For comparison to reflex cough, which necessarily produces more than one cough, it was important that the voluntary cough be sequential in M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
nature. In order to avoid any residual sensation from capsaicin exposure, voluntary coughs were always completed at the beginning of the study, followed by the reflex cough procedure described in the previous paragraph.
Data measurement and analysis
All airflow measures were recorded and saved to desktop computer (Dell Inspiron) using Two repeated measures analyses of variance were completed. First, because the amount of air inspired prior to a cough epoch (CIV), and total number of coughs produced (CrTot) directly influence cough expiratory airflow variables [7, 16] these variables were entered into a RM ANOVA with within subject factor cough type (VC or RC) in order to test for differences that may influence cough expulsive phase variables. Second, cough compression and expulsive phase variables (CPD, PEFR, PEFRT, CVA and CEV) were entered into RM ANOVA with within subject factors cough type (VC or RC) and cough number (Cr1 or Cr2). Post-hoc analysis was performed using Tukey's HSD.
Results:
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There were 20 participants who consented to study participation, and all were studied "on" PD medication. One participant was later excluded due to a change in neurologic diagnosis, and four patients were also excluded who did not cough when administered 200 µm capsaicin. These patients were not included in the statistical analysis. A complete analysis was performed on 15 participants, and their demographic information including sex, age, and disease staging according to Hoehn & Yahr (H&Y) score are summarized in Table 1 . Descriptive statistics for RC and VC airflow parameters (CPD, PEFR, PEFRT, CVA, and CEV) for Cr1 and Cr2 are in Table 2 .
Results of the first RM ANOVA model showed no significant effect for CIV or CrTot according to 
Discussion:
The goal of this study was to compare reflex and voluntary cough airflows in PD. The a-priori hypothesis that voluntary cough airflow parameters would be reduced versus reflex cough parameters in this PD cohort was based on anticipated difficulty with the initiation and execution of the voluntary cough task.
However, the results failed to support this hypothesis. The results instead revealed that cough airflow parameters, including PEFR and CEV were reduced for reflex cough as compared to voluntary cough.
These differences were present for both the first and second cough (Cr1 and Cr2) in the epoch, and this also contrasted to our a priori hypothesis. The main effect for cough number was not surprising, and M A N U S C R I P T
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was consistent with previous research that observed airflows associated with Cr1 were greater than subsequent coughs in an epoch [7, 17] .
Cough expired volume (CEV) has been shown to have a strong positive relationship to PEFR in healthy adults [7] . It was therefore not surprising that CEV was reduced for reflex cough versus voluntary cough given the concomitant reduction of PEFR. Both PEFR and CEV during cough are influenced by the amount of air in the lungs at cough initiation [16] , total coughs produced in an epoch [7] , and the coordination between the laryngeal and respiratory subsystems [18, 19] . While we did not directly measure total lung volume at cough initiation, our data showed no significant differences between voluntary and reflexive coughing in terms of cough inspired volume. Because participants began each cough task from a resting tidal breathing pattern, we expect that potential differences in total lung volume were minimal between the tasks. We observed no significant differences between the total number of coughs produced per epoch between RC and VC. We believe it is possible that the differences in PEFR and CEV found between reflex and voluntary cough were related to differences in the function and coordination between the respiratory and laryngeal subsystems.
Respiratory function in Parkinson's disease is characterized by reduction in maximal voluntary ventilation [20] , reduced peak expiratory flow [8, 20, 21] , delay in reaching PEF during a forced vital capacity task and reduced inspiratory and expiratory pressure generating capacities [8] . These changes have been largely attributed to bradykinesia, increased rigidity, and difficulty with coordinated contraction of upper airway and chest wall muscles in PD [22] . Because cough is an overlaid function of the respiratory system, it is not surprising that studies have shown differences in cough function for patients with PD. Specifically with regard to the comparison of RC and VC, Fontana and colleagues showed the rate of rise and maximum amplitude of abdominal electromyographic (EMG) activity was reduced in reflex cough compared to voluntary cough in patients with PD compared to healthy control participants [10] . While they did not measure airflow in that study, it is reasonable to speculate that M A N U S C R I P T
expiratory muscle (abdominal) EMG activity would relate to the rate of expiratory airflow [23] . The results of our current study could be hypothesized to reflect, in part, differences in the rate and amplitude of expiratory muscle activation between RC and VC cough.
The coordination of the respiratory system with adequate laryngeal function is an important factor in the production of cough. Patients with PD exhibit glottal insufficiency and slowing in the rate of vocal fold movement secondary to increased rigidity of the intrinsic laryngeal muscles. Phase asymmetry during phonation is also a common phenomenon [9] . Laryngeal valving during cough is an active process [18, 19, 24 ] that involves precise timing of onset and offset between the abductor muscle, posterior cricoarytenoid (PCA) and adductors, thyroaryteniod (TA) and lateral cricoarytenoid (LCA) [25] .
The rate and volume of expiratory airflow is impacted by the laryngeal resistance to airflow during the compression phase, and the rate and amplitude of vocal fold (VF) abduction during the expulsive phase.
If laryngeal resistance is reduced secondary to glottal insufficiency, tracheal pressure will likely also be reduced, because tracheal pressure during cough results from adequate laryngeal resistance to expiratory airflow [26] . As well, if the antagonistic abductor/adductor muscles are not precisely timed, leading to excessive co-contraction during the expulsive phase of cough, the resulting glottal configuration may be inadequate to achieve high rate and volume of expiratory airflow. Poliaceck and colleagues found differences in the burst duration of TA and PCA muscles between two types of induced cough in a cat model. These differences lead to varying degrees of overlap in the contraction of the TA and PCA muscles [18] . We hypothesize that differences for the cough tasks related to laryngeal function in the current study reflect differences in degree of co-contraction between adductor and abductor muscles. Specifically, it is possible that the degree of glottal opening was restricted during the reflex cough due to prolonged co-contraction of adductor muscles during the expulsive phase.
Additionally, the important role of neural control for reflex and voluntary cough must be considered. Our understanding of reflex cough has evolved from a brainstem-mediated reflex, to now M A N U S C R I P T
include cortical input influencing both the excitation and inhibition of reflex cough [27] [28] [29] [30] . The urge-tocough, a respiratory sensation preceding reflex cough, is an additional variable that is known to influence the total number of reflex coughs produced [31] . Along with the fact that healthy adults can volitionally modulate reflexive cough, we cannot definitively eliminate the possible effect of voluntary modulation of reflex cough by participants that could influence the results for reflex coughing. We made every attempt to remind participants to simply "cough if you need to cough" and utilized the "C2" reflex cough criteria used by others for establishing a reflex cough threshold in previous studies (e.g., Dicipinigaitis et al., 2009) [32] . Given the complexity of cough across sensory and motor systems, and the central and peripheral nervous systems necessitates additional research to fully understand the mechanisms underlying results of this study. Current studies in our laboratory are ongoing to address these important questions.
Conclusions
Results of this study revealed that the rate and volume of airflow was reduced during the expulsive phase of reflex cough as compared to voluntary cough in patients with PD. Clinically, reflex cough is critical for clearing aspirate and endogenously produced material from the lower airway.
Because PEFR is considered a marker for cough effectiveness, counseling patients with PD to produce an epoch of voluntary coughs in response to any urge-to-cough (regardless of whether or not a reflex cough was triggered) may aid in expelling unwanted material from the airway. Clinicians should be aware that evaluation of cough function using voluntary cough tasks overestimates the PEFR and CEV that would be achieved during reflex cough in patients with PD. Given the complexity of both peripheral and central control of cough, there is much additional research to be done in order to fully understand the respiratory, laryngeal, and neural mechanisms underlying the results of this study, and how the results relate to typical aging versus PD. Because aspiration pneumonia is among the leading causes of death in M A N U S C R I P T
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PD, continuing to better understand the mechanism(s) leading to deficits in airway protection is critical for improving management of these patients. 
